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Abstract  1 
The most thermodynamically stable sulfur compound in the anode electrode at SOFC temperature is 2 
H2S, which dissociates on a nickel (Ni) surface according to a chemisorption mechanism. In this 3 
study, SOFC performance losses have been quantified in the presence of H2S contamination. The 4 
deactivation process has been well quantified by correlating it to Ni surface coverage by sulfur 5 
through a Temkin-like isotherm adsorption process. The detailed microscopic features of an Ni-6 
based electrode have been taken into account to quantitatively predict atomic sulfur adsorption on 7 
the Ni surface. The results show that, in anode-supported cells, the entire available Ni surface is 8 
affected by sulfur contamination and not just the three-phase-boundary (TPB) region.  9 
Experiments on both commercial single-cells and on a stack have been described in this work. The 10 
H2S concentration was varied from 0.8 to 6.5 ppm(v) in the single-cell experiments, and between 11 
0.01 and 25 ppm(v) in the stack experiment. The time- to-coverage evaluation has been established 12 
on the basis of the relationship between the sulfur capacity of the Ni anode and the sulfur flow rate 13 
through the fuel feed. 14 
Keywords 15 
Sulfur coverage, coverage time, SOFC, biogas, Nickel anodes, H2S. 16 
 17 
Introduction 18 
Solid oxide fuel cells (SOFCs) are electrochemical devices that are able to directly convert the free 19 
energy of a chemical reaction into useful electrical and thermal energy [1],[2]. However, several 20 
fuel mixtures (natural gas, digester gas, landfill gas, etc.) can contain several trace compounds that 21 
can act as nano-contaminants for the SOFC anode electrode, especially as far as Ni-based anodes 22 
concerned. Nano-contaminants can segregate at nickel active sites thus increasing the contaminant 23 
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coverage at the three-phase-boundary, which results in an increased charge transfer polarization [3]. 24 
Among the various (fuel) contaminants that can be found in a fuel, sulfur compounds are the most 25 
abundant. Different sulfur compounds can be found in the biogas obtained from the organic fraction 26 
of municipal solid waste: from H2S to heavier thiols (e.g. C4H10S). This wide variety of trace 27 
compounds has been observed in real pilot plants [4,5] and [6]. 28 
Several studies have analyzed the influence of H2S on SOFC anodes as a function of temperature, 29 
partial pressure in the anode stream and current density [6–8]  and [9]. Sulfur poisoning on the 30 
anode electrode can essentially influence the fuel cell performance in two degradation ways, which 31 
are generally referred to as to short-term and long-term effects. The fast physisorption and 32 
chemisorption of sulfur with a deactivation of the three phase boundary are included among the 33 
short-term-effects. Structural modifications and nickel migration phenomena can be considered 34 
among the long-term sulfur effects: the main effects on long-term sulfur exposure are related to 35 
micro-structural changes, such as Ni-particle coarsening or nickel migration, in addition to the 36 
formation of bulk nickel sulfide [3]. The effect of sulfur on the performance is reduced when the 37 
operating temperature is increased. As reported by Brightman et al., (2011), a smaller increase in 38 
polarization resistance occurs at higher temperatures [9]. The impact on the SOFC performance is a 39 
rapid “passivation” or deactivation, followed by a quasi-stable cell voltage profile. As observed by 40 
Rasmussen and Hagen (2009) and Hauch et al., (2014) [8], [10], sulfur poisoning can be 41 
represented as a two-step process: an initial voltage drop followed by a constant voltage or a voltage 42 
degradation/increase depending on the test parameters. The initial cell voltage degradation is very 43 
significant in terms of instantaneous voltage reduction, i.e., a sudden short-term effect, which is 44 
potentially much more critical than the subsequent long-term degradation. Zha et al., (2007) [11] 45 
attributed the initial voltage drop to a rapid adsorption of S on the Ni surface, which in turn blocks 46 
the active hydrogen adsorption and oxidation sites. Schubert and Kusnezoff, (2011) described the 47 
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first voltage drop through the chemisorption mechanism of sulfur compounds on nickel active sites 48 
[12].  49 
The magnitude of the drop is related to the number of blocked sites. It first increases sharply with 50 
increasing H2S concentration until ∼40 ppm(v). A relatively quick performance recovery is 51 
observed within the first 50 h of the test, thus clearly indicating that the interaction of H2S with the 52 
Ni catalyst is an adsorption mechanism [8]. 53 
Short-term effects, even though less dangerous from the detrimental point of view, require attention 54 
due to their fast SOFC performance de-activation rate. As previously mentioned, the sulfur 55 
poisoning at the short-term exposure level is regulated by the sulfur chemisorption on Nickel. This 56 
can be investigated taking in consideration the sulfur capacity of nickel sites, considering 57 
microscopic features of the electrode (i.e., the Ni surface area exposed to the gas phase, etc.). The 58 
correlation between the short-term performance losses of the SOFC to the surface coverage of 59 
sulfur on nickel was first proposed by Alstrup et al., (1981) [13], for catalysts used for steam 60 
gasification, and by Hansen (2008), who used Ni contained in an SOFC. Hansen (2008) [14] 61 
reported a semi-empirical derived isotherm for the calculation of the sulfur coverage on Ni surfaces 62 
at given temperature and relative H2S pressure conditions with respect to the H2 fuel. A relationship 63 
between H2S/H2 on the fuel cell performance drop has also been found.  64 
Critical conditions for an SOFC generator, fed by biogas, arise when the sulfur concentration begins 65 
to be greater than 1 ppm(v). This condition can be representative of a partial failure of the gas 66 
cleaning section, where the sulfur breakthrough is above the threshold concentration for an SOFC 67 
[15].  68 
So far, no attempts have been made to quantitatively correlate the anode microscopic features of the 69 
anode structure to the impact of H2S in terms of performance drop. The link between the 70 
microstructure of an anode and sulfur time-to-coverage has been established in this work. This 71 
5 
 
coverage time was used to predict, with a known and variable amount of H2S in the biogas fuel 72 
mixture, the time at which the cell voltage reaches an almost equilibrium polarization (i.e., the time 73 
at which the initial short-term impact of sulfur poisoning reaches an equilibrium point). The 74 
coverage time was experimentally evaluated and compared with theoretical values. The theoretical 75 
values were estimated on the basis of experimental tests considering the sulfur capacity of an 76 
electrode and the sulfur flow rate of a typical biogas mixture. The coverage time was calculated 77 
taking into account both the geometrical and microscopic features of the Ni anode, the operating 78 
temperature, and the pH2S/pH2eq ratio in the anode feed. 79 
Sulfur chemisorption mechanism on an Ni surface 80 
Sulfur compounds are known to interact with Ni catalysts and reversibly or irreversibly decrease the 81 
cell performance, depending on the temperature, current density, H2S concentration, fuel mixture 82 
and duration of the sulfur exposure [8,9], and [15,16]. The effects of the above mentioned variation 83 
on SOFCs have been clearly summarized in the work by Rasmussen and Hagen, (2009) and Hauch 84 
et al., (2014) [8], [10].  85 
It is generally accepted that at least two different types of reactions can take place on Ni catalyst 86 
particles: 87 
Chemisorption:  88 
 ↔ 	
 + /	
 ↔ 	
 + /	
 ( 1 ) 
 89 
Sulfidation: 90 
 +  ↔  +  ( 2 ) 
3 +  ↔  +  ( 3 ) 
 91 
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Literature studies [16,17] and [18,19] show how reaction (1) is the dominating one at 700-800 °C 92 
for H2S concentrations below 50 ppm(v). Higher H2S concentrations affect the fuel cell 93 
performance through nickel sulfide formation, and reactions (2-3) become the relevant ones. It is 94 
worth mentioning that the situation of a high H2S concentration in the anode feed is of rather 95 
limited practical interest, as a sulfur polishing step should always be foreseen in SOFC plants. In 96 
fact, reformer catalysts are generally poisoned by sulfur thus imposing the requirement of a 97 
relatively clean fuel even in the case of sulfur tolerant SOFC anodes. 98 
By increasing the operating temperature, the adsorption of H2S on nickel become more reversible 99 
[20]. Bartholomew et al., (1982) reported that the nickel-sulfur bonds of adsorbed sulfur are much 100 
stronger than those in bulk nickel sulfides [21]. Owing to this strength between sulfur-metal bonds, 101 
sulfur adsorption is not uniform, as it grows as islands with a well-defined structure [20].  102 
It is important to understand how electrochemical behavior influences sulfur adsorption on Ni. 103 
According to Vivet et al., (2011) [22], electrochemical poisoning by sulfur is described as: 104 
 +  →  +   + 2   ( 4 ) 
 105 
The previous reaction is different from the chemisorption of S at any other Ni point: 106 
 →  +   ( 5 ) 
 107 
When operating a fuel cell, it is important to understand whether the S will be more prone to adsorb 108 
at the TPB than on the Ni in the anode support. A large amount of the Ni catalyst area is available, 109 
especially for the anode-supported cells, but only a relatively small portion is in the TPB zone. If 110 
sulfur adsorbs selectively on the TPB, a very rapid degradation would result. Otherwise, Ni in the 111 
support could act as a sulfur trap, thus delaying the time necessary to yield equilibrium coverage. In 112 
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this study, the entire Ni catalyst area appears to be affected by sulfur coverage, thus determining a 113 
sulfur trap. As will be explained in more detail in the next section, an equilibrium condition exists 114 
for sulfur adsorption on Ni, which is called equilibrium sulfur coverage. When the H2S 115 
concentration starts to reach the anode electrode, sulfur deposits on the Ni sites and forms a 116 
monolayer. The saturation level of the available Ni surface depends on the equilibrium sulfur 117 
coverage. During this saturation process, performance degradation occurs as fewer Ni sites are 118 
available for the electrochemical reactions (at constant current operation the voltage has a 119 
decreasing trend). The time to reach the saturated condition is known as the ‘time-to-coverage’. In 120 
this study, the ‘time-to-coverage’ was calculated assuming that the entire anode electrode volume 121 
was affected by sulfur poisoning. The calculated time-to-coverage values correlate well with the 122 
time at which degradation stabilizes. 123 
Correlation of sulfur coverage on nickel surfaces 124 
More details on the sulfur chemisorption on nickel active sites can be found in [13], [20], [20], [22] 125 
and [24]. Sulfur adsorbed on an Ni (100) crystal surface forms a p(2x2) structure in which one 126 
nickel atom is bonded to four sulfur atoms, and a 0.25 monolayer coverage is therefore formed, as 127 
demonstrated by Alstrup et al., (1981) and Bartholomew et al., (1982)[13,21]. The arrangement 128 
changes to a c(2x2) structure, due to the coverage increases to a 0.5 monolayer, where each nickel 129 
atom is now bonded to only two sulfur atoms. Below a certain H2S/H2 ratio, the saturation layers 130 
become unstable, and the equilibrium coverage is dependent on the H2S/H2 ratio and temperature. 131 
This phenomenon can be described in terms of an adsorption isotherm and an isosteric heat of 132 
chemisorption. Expression (Eq. 6) can be used to evaluate the H2S/H2 equilibrium ratio: this 133 
isotherm contains an enthalpy value that linearly depends on the coverage and an entropy value that 134 
is independent of the coverage. It was suggested and proved that the absence of a coverage 135 
dependence on the entropy term is due to subsurface chemisorption (Alstrup et al., (1981) [13]).  136 
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 137 
As in the classical Temkin isotherm, the heat of adsorption varies linearly with coverage in Eq, 6), 138 
but it differs from any of the classical theories as the entropy is independent of the coverage. 139 
Constant entropy instead resembles gas-solid solution equilibrium.  140 
The equation reported above represents the Temkin-like isotherm proposed by Alstrup et al., (1981) 141 
[13], and later used by Hansen (2008) to correlate data on sulfur coverage on nickel surfaces in a H2 142 
environment [14]. The study by Alstrup et al., (1981) took into account Ni for the steam reforming 143 
process while Hansen (2008) took into account Ni for SOFC related applications. In comparison to 144 
the steam reforming case, where only chemical reactions occur, electrochemical reactions also take 145 
place in fuel cells. The following values have been determined by means of a nonlinear least-square 146 
fit on experimental data [13]: 0
0H∆ =-289 kJ mol
-1, 0S∆ =-19 J mol-1 K-1 and a = 0.69, thus resulting 147 
in Eq. (7). 148 
/$ = 1.45 − 9.53 ∙ 1089 + 4.17 ∙ 1089;< =
!"#$ !"#,?@- A ( 7 ) 
 149 
Unlike the work by Hansen (2008), the expression in Eq. (7) has been used in the present study for 150 
a biogas or syngas mixture, and not only for a pure hydrogen stream. The pH2,eq considers the 151 
available electrochemical fuel reported on an equivalent hydrogen basis. In fact, it contributes to 152 
electrochemical fuel carbon monoxide and methane in addition to hydrogen. Rostrup-Nielsen et al., 153 
(2006) studied how sulfur compounds affect SOFC performance and found that they mainly act on 154 
Ni active sites and reduce the internal biogas reforming activity due to blocking of the Ni sites. The 155 
reforming activity decreases with S coverage to the 3rd power [25]. As investigated by Hansen 156 
(2008), expression (7) was adopted to evaluate not only the dependency of the cell performance 157 
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drop on the Ni surface coverage because of sulfur chemisorption, but also the time required for the 158 
equilibrium coverage. Details of the calculation of the time-to-coverage are described hereafter. 159 
Modeling the time-to-coverage of sulfur on an Ni surface 160 
The main assumptions adopted to define our simplified sulfur adsorption model are reported 161 
hereafter: 162 
• each Ni atom is bonded to four sulfur atoms; 163 
• the sulfur atoms form a monolayer on the nickel surface; 164 
• the sulfur adsorption on the nickel surface is governed by a Temkin-like adsorption 165 
isotherm; 166 
• the adopted Temkin isotherm equation implies that the entropy of adsorption is independent 167 
of the sulfur coverage; 168 
• the coverage time was calculated by observing and then quantifying the period required to 169 
accomplish the first deactivation phase during which a fast performance loss was attained; 170 
• the contribution of methane and carbon monoxide was evaluated on the basis of an 171 
equivalent hydrogen contribution: that is methane counts four times hydrogen while carbon 172 
monoxide only once (this is based on the assumption that both CH4 and CO will be 173 
converted to H2 fuel in the fuel electrode thus contributing to the overall current production); 174 
The coverage time is given by: 175 
B =
Λ C
D
 ( 8 ) 
 176 
where mS (g/h) is the sulfur flow rate across the anode electrode.  177 
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The H2S in the anode feed of an SOFC will decompose on the Ni surface to H2(g) and atomic sulfur 178 
will be adsorbed on the Ni as monolayer Eq. (5). 179 
According to the work proposed by Alstrup et al., (1981) [13], the chemisorption of sulfur on the Ni 180 
surface is governed by Temkin-like equilibrium adsorption isotherms, and equilibrium coverage, 181 
/$, occurs when the temperature, T and the H2S concentration are varied. 182 
The time-to-coverage is defined as the time required for sulfur atoms to fully occupy the available 183 
Ni sites, according to the equilibrium coverage condition (i.e., only the fraction /$ of the overall Ni 184 
surface area is involved in sulfur adsorption). 185 
The coverage of Ni surface atoms by chemisorbed elemental sulfur in the anode of an SOFC is 186 
clearly a dynamic process toward an equilibrium state, whose velocity depends on the amount of 187 
H2S in the anode feed. 188 
The basic expression used to calculate the time-to-coverage is given below. First, the overall 189 
specific sulfur capacity of the anode catalyst, indicated as E$, must be calculated according to the 190 
following expression: 191 
E$ =
Γ 
F
∙ GH$ ( 9 ) 
 192 
where Ε$ represents the number of sulfur atoms that can stick to a monolayer of the Ni surface area 193 
(which is equal to 8 ×1014 S atoms per Ni cm2 [16]), NA is the Avogadro number (6.022 ×1023 194 
atoms mol-1) and WS is the atomic weight of S.  195 
The equilibrium sulfur capacity, Ν$ – expressed as the amount in grams of sulfur that can 196 
accumulate on the Ni anode surface according to the Temkin-like adsorption isotherms – is given 197 
by: 198 
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Λ  = E ∙  ∙ / ( 10 ) 
 199 
where SNi is the overall Ni surface area (cm
2 Ni) that is exposed to the gas phase.  200 
The anode catalytic surface area (SNi) is evaluated by taking into account the amount of available Ni 201 
(WNi) and the nickel specific surface (NiBET) as reported in the study by Vivet et al. (2011) and 202 
calculated by means of a focused ion beam tomography technique [22]. In order to verify the nickel 203 
specific surface that was reported by Vivet et al., (2011), a BET analysis was conducted on a 204 
sample of the anode electrode that was used in the present experiment [22]. The N2 adsorption-205 
desorption isotherm of the anode is type II, according to the IUPAC classification, which is typical 206 
of a non-porous adsorbent. The measured BET specific surface area is 1.2 m2/g. The lack of a 207 
hysteresis loop for the isotherm suggests the absence of significant intra-particles porosity with a 208 
non-uniform size and/or shape.  209 
S = H ∙ KL9 ∙ 104 ( 11 ) 
 210 
The value of the specific surface area that was calculated from the BET analysis was in agreement 211 
with the value obtained by Vivet et al., (2011) [22]. The nickel mass was found to be around 1.488 212 
g for the SOLIDpower cell and 1.288 g for an H.C. Starck cell.  213 
Finally, the sulfur flow rate that reaches the anode through the biogas stream can be calculated on 214 
the basis of the sulfur concentration in the anode feed gas, as expressed in Eq. (11): 215 
mN  = ON  ∙ GH = 2!!DP ∙ <N QR ;,< ∙ GH ( 12 ) 
 216 
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The time-to-coverage evaluation of sulfur poisoning on Ni-sites is based on the relationship 217 
between the sulfur capacity of the nickel anode and the sulfur flow rate through the fuel feed (a 218 
simulated biogas mixture, in the present case). 219 
 220 
The novelty of this work concerns the study and further clarifications of the fate of H2S in an Ni-221 
SOFC and the quantification of the performance loss observed in several experiments, spanning 222 
from a single cell to a stack. The coverage time that is required to reach full sulfur saturation in 223 
commercial Ni-anodes has been predicted and quantified well by correlating it to the Ni surface 224 
coverage by sulfur through a Temkin-like isotherm adsorption process. The detailed microscopic 225 
features of the Ni-based electrode have been taken into account to quantitatively predict the sulfur 226 
capacity of the Ni anode. The results show that the region that is affected by sulfur contamination is 227 
in fact the whole available Ni surface and not just the three-phase-boundary (TPB) region. 228 
 229 
Material and methods 230 
Planar SOFCs (47 cm2 surface area) were used for the experimental test session, and were fed with 231 
synthetic biogas and syngas obtained by mixing pure gas feeds from CH4 and CO2 cylinders and 232 
CH4, CO2, CO and H2 cylinders (SIAD, Italy), respectively. A variable concentration of H2S was 233 
added to the fuel stream by diluting and thus mixing the pure CO2 feed with a stream  from a 234 
cylinder containing 76.8 ppm(v) of H2S in CO2. The H2S concentration was varied from 0.8 ppm(v) 235 
to 6.4 – 6.8 ppm(v).  236 
The SOLIDpower cell (ASC700) was tested for almost 300 h with a simulated syngas mixture 237 
obtained, for example, from a wood gasifier power plant. The considered syngas mixture was: 20% 238 
vol. H2, 18% vol. CO, 9% vol. CO2, 2% vol. CH4, 51% vol. N2 (syngas).  239 
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The H.C. Starck cell (ASC4) was tested for almost 300 h with a simulated biogas mixture 240 
(CH4/CO2 = 1.5), where half of the electrochemical fuel flow was reformed externally with a steam 241 
reformer, while the remaining part was reformed directly in the cell through direct internal 242 
reforming (DIR). The adopted gas mixture was: 70.6% vol. H2, 11.8% vol. CO2, 17.6% vol. CH4 243 
(DIR50%).  244 
The oxidant flow (air) at the cathode side was 0.5 Nl min-1 during the start-up and shut-down 245 
procedures, otherwise it was fixed at 1.2 Nl min-1 for all the performed experiments. The fuel gas 246 
mixtures, contained in certified gas bottles (Siad spa, Italy), were fed to the anode and regulated by 247 
means of mass flow controllers (Bronkhorst, The Netherlands). The cell was first activated with 248 
hydrogen. The fuel mixture was restored to a clean condition after each sulfur poisoning phase in 249 
order to study the sulfur coverage versus cell performance drop, as reported in tables 1 and 2. Sulfur 250 
poisoning tests were performed with a fuel utilization (FU) of 30%. A biogas mixture of 50% 251 
internally reformed biogas and 50% from an external reforming section was sent to the furnace for 252 
the H.C. Starck cell(table 2) while, as can be seen in table 1, a syngas was used for the 253 
SOLIDpower cell. The electrochemical characterization of the fuel cell was carried out with an 254 
electronic load (Kikusui Electronics Corp., Japan) in conjunction with an additional power supply 255 
in current-following mode (Delta Elektronica, The Netherlands). The oven temperature was kept 256 
constant at 750 °C.  257 
Two planar circular type seal-less anode supported cells, with a diameter of 80 mm and a screen 258 
printed cathode of 78 mm, were used for the experiments: 259 
1. the ASC700 (SOLIDpower, Italy) cell consists of a 240-260 μm porous Ni/8YSZ anode 260 
support, a 8-10 μm dense electrolyte YSZ and a 50-60 μm porous GDC/LSCF cathode bilayer. 261 
2. the ASC4 (H.C. Starck , Germany) cell consists of a 465-555 μm porous NiO/YSZ anode 262 
support with a 5-10 μm NiO/YSZ porous active layer, a 4-6 μm dense electrolyte YSZ and a 2-263 
4 μm YDC blocking layer plus a 30-60 μm porous LSCF cathode layer.  264 
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Nickel and platinum double meshes were used for current collection at the anode and cathode 265 
electrodes, respectively. Nitrogen adsorption-desorption measurements were performed at 77 K 266 
using a Quantachrome Autosorb 1 (Quantachrome corp., USA). The anode specific surface area 267 
was determined by means of the Brunauer–Emmet–Teller (BET) method in the 0.04 – 0.1relative 268 
pressure range, see figure 1. The anode was out-gassed at 150 °C for 2 h before the analysis. 269 
Table 1 - Gas mixture adopted for the sulfur adsorption test on the SOLIDpower cell (ASC 700). 270 
 
Syngas 
reformate 
clean 
H2S 0.8 
ppm(v) 
H2S 0.9 
ppm(v) 
H2S 1.3 
ppm(v) 
H2S 
1.69 
ppm(v) 
H2S 2.4 
ppm(v) 
H2S 
4.04 
ppm(v) 
H2S 5.4 
ppm(v) 
H2S 6.4 
ppm(v) 
H2 
(Nml/min) 
151.5 151.5 151.5 151.5 151.5 151.5 151.5 151.5 151.5 
N2 
(Nml/min) 
386.4 386.4 386.4 386.4 386.4 386.4 386.4 386.4 386.4 
CH4 
(Nml/min) 
15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2 
CO2 
(Nml/min) 
68.2 59.2 58.7 54.4 50.2 42.2 25.2 10.2 0.0 
CO 
(Nml/min) 
136.4 136.4 136.4 136.4 136.4 136.4 136.4 136.4 136.4 
CO2dirty 
(Nml/min)  
9.0 9.5 13.8 18.0 26.0 43.0 58.0 68.2 
H2S 
(ppm(v))  
0.8 0.9 1.3 1.7 2.4 4.0 5.4 6.4 
H2O (g/h) 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 
 271 
Table 2 - Gas mixture adopted for the sulfur adsorption test on H.C. Starck cell (ASC 4), DIR 272 
(Direct Internal Reforming). 273 
 
DIR 50% 
clean 
H2S 0.8 
ppm(v) 
H2S 1.6 
ppm(v) 
H2S 2.4 
ppm(v) 
H2S 4 
ppm(v) 
H2S 5.4 
ppm(v) 
H2S 6.7 
ppm(v) 
H2 (Nml/min) 250 250 250 250 250 250 250 
N2 (Nml/min) 
       
CH4 
(Nml/min) 
62.5 62.5 62.5 62.5 62.5 62.5 62.5 
CO2 
(Nml/min) 
41.7 36.7 31.7 26.7 16.7 7.7 0 
CO (Nml/min) 
       
CO2dirty 
(Nml/min)  
5 10 15 25 34 41.7 
H2S (ppm(v)) 
 
0.8 1.6 2.4 4.0 5.4 6.7 
H2O (g/h) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 
15 
 
 274 
Figure 1 – N2 adsorption-desorption isotherm at 77 K for the Ni-based anode. The filled square 275 
symbols denote adsorption whereas the empty circle symbols denote desorption. 276 
 277 
Results and discussion 278 
The SOLIDpower ASC700 cell was fed with a representative gas mixture representative of a bio-279 
syngas or a biogas reformate. Likewise, the ASC4 was fed with a representative gas mixture of a 280 
biogas produced during the anaerobic digestion of the organic fraction of municipal solid waste. 281 
Equation (7) was used in order to evaluate the relationship between  sulfur coverage and the 282 
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performance drop. The cell voltage drop was studied and results are reported in figure 2, that 283 
describes the cell voltage profiles for ASC700 (a) and ASC4 (b) cells, respectively.  284 
 285 
 286 
650
670
690
710
730
750
770
790
0 50 100 150 200 250 300
C
el
l 
V
o
lt
a
g
e
 (
m
V
)
Elapsed time (h)
syngas + H2S 
0,8 ppmv
syngas + H2S 
1,3 ppmv
syngas + H2S 
1,7 ppmv
syngas + H2S 
2,4 ppmv
syngas + H2S 
4 ppmv
syngas + 
H2S 6,4 
ppmv
syngas
syngas + H2S 
0,9 ppmv syngas +
H2S 5,4 
ppmv
650
670
690
710
730
750
770
790
0 50 100 150 200
C
e
ll
 V
o
lt
a
g
e
 (
m
V
)
Elapsed time (h)
DIR 50% + H2S 
0,8 ppmv
DIR 50% +
H2S 1,6 ppmv
DIR 50% +
H2S 2,4 ppmv
DIR 50% + H2S 4 
ppmv
DIR 50% + H2S 
5,4 ppmv DIR 50% + H2S 
6,7 ppmv
DIR 50% 
17 
 
Figure 2 – Cell voltage for the ASC 700 – (a) SOLIDpower and the ASC 4 – (b) H.C. Starck cell 287 
fed by a syngas mixture and by a 50% vol. direct internal reforming (DIR) biogas mixture with the 288 
addition of a variable concentrations of H2S. 289 
 290 
Figure 2 clearly shows how an increasing concentration of H2S produces a significant performance 291 
drop. It is possible to observe a fast initial degradation followed by a quasi-stable voltage profile for 292 
each H2S concentration value added to the mixture. When the H2S concentration is increased, the 293 
first decreasing step is accelerated (which is more evident in figures 3 and 4). Zha et al., (2007) and 294 
Rostrup-Nielsen, (2006) found that this first voltage drop to a rapid adsorption of sulfur on the Ni 295 
surface, which blocked the active sites against hydrogen adsorption and oxidation. This drop is thus 296 
a result of a fast chemisorption that blocksthe Ni sites which are most active for the electrochemical 297 
conversion of H2. This first voltage decrease is predominant with respect to the continuous slow 298 
degradation rate.  299 
The voltage of the ASC700 cell during the sulfur poisoning test is shown in figure 3. ASC700 300 
shows a performance degradation of 0.8% when the H2S is 0.8 ppm(v), and 5.2%, when the H2S 301 
concentration is 6.4 ppm(v). Similar behavior was observed for the ASC4 cell (not reported here) 302 
where a performance drop that ranges from 0.05% to 5.1% is obtained by varying the H2S 303 
concentration from 0.8 to 6.7 ppm(v).  304 
As shown in figure 3a, sulfur poisoning of the Ni-anode is a phenomenon that is partially reversible. 305 
Once the H2S flow is stopped, a voltage increase that suggests S desorption from Ni sites is 306 
observed. The desorption trends are quite similar to the corresponding adsorption trends. As 307 
reported by Rasmussen and Hagen, (2009), once the H2S concentration of 2 ppm(v) is removed the 308 
cell performance is completely regenerated [8]. However, above 2 ppm(v) of H2S, the performance 309 
recovery is not complete. It is likely that some sulfur remains trapped in the three-phase boundary 310 
(TPB), thus permanently increasing the anode polarization. This is supported by figures 3b and 3c, 311 
where it can be seen that increasing the H2S concentration also leads to increases in the anode 312 
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polarization due to concentration polarization, associated with the transport of gaseous fuel through 313 
the anode. Electrochemical Impedance Spectroscopy was adopted to investigate the cell losses 314 
during the poisoning test with a sulfur compound. These measurements were carried out in 315 
galvanostatic mode, with a constant current at FU 30% and 0.32 Acm-2. The H2S concentration, as 316 
shown in figures 3b and 3c, does not cause any appreciable variation of the ohmic resistance. If the 317 
H2S concentration is increased, the high frequency circle of the EIS spectra is affected. Ni is in fact 318 
deactivated by sulfur because fewer Ni active sites remain available, as the H2S concentration 319 
increases due to an increase in the equilibrium sulfur coverage. The low frequency circle amplitude 320 
is also affected and this is possibly due to a slower gas conversion phenomenon. It was found that 321 
the low frequency semicircle was mainly affected by the presence of sulfur, a result which is 322 
consistent with the results of other studies [11,26]. The frequency range of this arc is consistent with 323 
the range that can be expected for diffusion-related processes [27]. An increase in the arc value is 324 
also registered when the H2S concentration is raised. This is due to the three phase boundary (TPB) 325 
reduction from the nickel active sites blocked by the sulfur compound.  326 
19 
 
 327 
 
 
 
660
670
680
690
700
710
720
730
740
750
760
0 5 10 15 20
C
e
ll
 V
o
lt
a
g
e 
(m
V
)
Elapsed time (h)
Starting Vcell
H2S 0.8 ppmv
H2S 0.9 ppmv
H2S1.3 ppmv
H2S1.7 ppmv
H2S 2.4 ppmv
H2S 4 ppmv
H2S 5.4 ppmv
H2S 6.4 ppmv
660
670
680
690
700
710
720
730
740
750
760
0 5 10 15 20
C
e
ll
 V
o
lt
a
g
e 
(m
V
)
Elapsed time (h)
Starting Vcell
H2S 0.8 ppmv - recovery
H2S 0.9 ppmv - rec.
H2S1.3 ppmv - rec.
H2S1.7 ppmv - rec.
H2S 2.4 ppmv - rec.
H2S 4 ppmv - rec.
H2S 5.4 ppmv - rec.
H2S 6.4 ppmv - rec.
20 
 
Figure 3a – SOLIDpower cell increasing and decreasing H2S concentration impact on cell 328 
performance. 329 
 330 
Figure 3b – The impact of H2S concentration on a SOLIDpower single cell as observed through 331 
Electrochemical Impedance Spectroscopy (EIS) experiments. 332 
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 334 
Figure 3c – SOLIDpower cell increasing and decreasing H2S concentration impact on cell 335 
performance – Electrochemical Impedance Spectroscopy (EIS) frequency diagram. 336 
 337 
Figure 3a also shows how, the time at which the cell performance reaches a new stable value 338 
becomes shorter as the H2S concentration is increase, while the performance drop is enhanced. For 339 
instance, after 4.6 h of the test, the cell voltage becomes stable around 740 mV, by adding H2S to 340 
the fuel syngas 1.7 ppm(v), thus dropping 12 mV for the original voltage of 752 mV. Adding 2.4 341 
ppm(v) of H2S, after 2.9 h of the test, the cell voltage stabilizes around 734 mV (in the ASC700 342 
cell). This is clearly due to the greater amount of sulfur that adsorbs on the active catalytic sites. 343 
Obviously, with a higher sulfur concentration in the gaseous stream the transient cell stabilization 344 
becomes shorter, as the catalytic sites are covered in a shorter time.  345 
The reversible cell performance degradation investigated by feeding the cell with a given sulfur 346 
amount and then following this by a regeneration step in a clean gas mixture. However, when the 347 
0.00
0.05
0.10
0.15
0.20
0.25
0.0 0.1 1.0 10.0 100.0 1,000.0 10,000.0 100,000.0
-Z
 I
m
a
g
 (
ΩΩ ΩΩ
c
m
2
)
Freq. (Hz)
0
844
894
1290
1689
2440
4036
5444
6401
22 
 
H2S concentration value is increased, the regeneration phase requires more time to reach the initial 348 
voltage condition. As an example, when 0.8 ppm(v) of H2S is removed from the fuel mix, the cell 349 
voltage reaches the starting value after 6 h, while when 0.9 ppm(v) of H2S is removed, the starting 350 
conditions are reached after more than 10 h. This regeneration delay is a consequence of the higher 351 
H2S concentration in the contaminated fuel mixture: more time is required to remove a larger 352 
number of sulfur atoms from the nickel sites with the clean fuel mixture. This phenomenon is linked 353 
to the number of particles that adsorb on the surface, which depends on adsorption kinetics [28]. 354 
The transition from reversible to irreversible cell degradation behavior could be described by the 355 
chemisorption of a higher sulfur concentration which is adsorbed on the Ni active surface sites. The 356 
transition from reversible to irreversible behavior was experimentally investigated for both ASC4 357 
and ASC700. The experimental threshold concentration was observed in the cell voltage profile 358 
during the sulfur poisoning test. ASC4 and ASC700 showed irreversible behavior above 2 ppm(v). 359 
In fact, the regeneration step for the ASC700 cell after the 2.4 ppm(v) poisoning does not reach the 360 
starting condition of ~750 mV. Likewise, for the ASC4 cell, after the poisoning test with 2.4 361 
ppm(v) the initial voltage condition of ~740 mV is no longer reached, as reported in figures 2 and 3. 362 
Considering the results presented in table 3, it can be seen that the performance drop is slightly 363 
higher for same H2S concentration for the ASC4. However, the performance recovery is always 364 
better for this cell. The performance drop starts from -1.16% and -0.04% at 0.8 ppm(v) – -5.6% and 365 
-5.02% at ≈6.5 ppm(v), respectively for ASC700 and ASC4.  366 
In the voltage recovery phase, after the sulfur poisoning is stopped, the ASC4 cell shows a 367 
significant loss in performance. This is presumably related to the sulfur inhibition of the direct 368 
internal reforming of methane into CO and H2, as reported by Rostrup-Nielsen, (2006) [25]. Syngas 369 
or biogas reformate adopted as fuel with the contemporary presence of sulfur contaminants affects 370 
the adsorption/desorption time. As reported by Rostrup-Nielsen, (2006) and Rasmussen and Hagen 371 
(2010), methane and carbon monoxide, that has to be reformed into equivalent hydrogen, are 372 
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affected to a great extent by the presence of H2S [25], [29]. They observed that the main 373 
contribution to cell performance degradation was related to the blockage of methane converstion 374 
into available electrochemical fuel. 375 
Table 3- Performance drop at different H2S concentrations for ASC 700 and ASC 4. 376 
ASC 700 – syngas reformate ASC 4 – biogas reformate 
H2S (ppm(v)) Performance drop (%) H2S (ppm(v)) Performance drop (%) 
0 0.00 0 0.00 
0.8 -1.16 0.8 -0.04 
0 -0.66 0 -0.63 
1.7 -2.80 1.6 -1.59 
0 -1.02 0 -1.21 
2.4 -2.85 2.4 -2.08 
0 -1.16 0 -1.60 
4.0 -4.71 4.0 -3.40 
0 -1.24 0 -2.49 
5.4 -4.81 5.4 -4.13 
0 -1.46 0 -2.33 
6.4 -5.66 6.7 -5.02 
0 -2.14 0 -4.32 
 377 
In order to further extend the findings observed on the single cells, the effect of sulfur was also 378 
tested on a short-stack supplied by Topsoe Fuel Cell (Denmark). The short-stack was fed with a 379 
simulated gas mixture (CH4 0.3%, CO2 10%, CO 19.3%, H2 50.6% and H2O 19.9%) in which the 380 
H2S concentration was increased from 0.01 ppm(v) to 25 ppm(v). This test was carried out at a 381 
higher FU (60%) and 0.14 Acm-2 (while the single cells were tested at FU 30% and 0.32 Acm-2 at 382 
the same operating temperature). Figure 4 shows a comparison between the results of the single 383 
cells and the short-stack considering the loss in cell potential caused by the addition of H2S. The 384 
short-stack already starts to deactivate at lower H2S concentration values than those of single cells: 385 
for example, 1.5 ppm(v) causes an average voltage decrease of almost 63 mV per cell, while the 386 
degradation for the single cells was only about 20 mV. The higher performance of the stack cells 387 
towards sulfur poisoning suggests a reduction in the TPB length.  388 
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 389 
Figure 4 – The effect of sulfur poisoning on cell performance losses – single cells and stack. 390 
 391 
Figure 5 plots the cell performance drop (%) versus sulfur coverage for the ASC4 and ASC700 392 
single cells and for the short-stack. The sulfur coverage was evaluated with Eq. (7), while the 393 
performance drop was assessed on the basis of the experiments.  394 
A very good correlation was found between the performance drop (P) and the sulfur coverage. The 395 
correlation can be expressed by Eq. (13).  396 
S = T ∙ /$ − /U ( 13 ) 
 397 
These results are in full agreement with those of Hansen (2008)[14]. The coefficient of 398 
determination ranges from 0.9826 and 0.9908 for single cells and 0.9971 for the short-stack. The 399 
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sulfur coverage versus performance drop trend between the stack and cells cannot be compared, due 400 
to the different operating conditions (FU, i). 401 
The ASC700 cell shows a performance drop of 1.6% for single cells at 80% of sulfur coverage,, 402 
while this value is around 2% for the ASC4 cell. As can be seen from this figure, the syngas test 403 
(ASC 700) is comparable with the partial direct internal reforming of biogas (ASC4). This result is 404 
evidenced even though the syngas test showed a better performance in the H2S poisoning test.  405 
A lower sulfur coverage is needed for the stack to reach a given performance drop. For instance, a 406 
performance drop of 4% is observed for a sulfur coverage of 69% for the stack, while the same 407 
performance drop is reached at about 85% of sulfur coverage for a single cell. Considering the same 408 
sulfur coverage, the SOFC stack shows a more remarkable performance drop. This is due to the 409 
different operating conditions, FU and current density. A lower fuel quantity with the same amount 410 
of sulfur available in the anode compartment causes the performance drop to increase.  411 
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Figure 5 – Performance drop versus sulfur coverage – single cells and stack. 413 
 414 
As observed by Hansen (2008), the slopes are similar for each curve, while the x-axis intercept (415 
minϑ ) increases as the current density rises [14]. In fact, it goes from 0.1905 (short-stack) at 0.14 416 
Acm-2 to 0.369 and 0.389 (ASC single cells) at 0.32 Acm-2. As reported by Brightman et al., (2011) 417 
and Cheng et al., (2007), the degree of poisoning is lower for higher current density [9], [26]. A 418 
higher current density means a higher flux of O2 and hence a higher sulfur desorption rate.  419 
	
 + 2 =  + 4  ( 14 ) 
 420 
Figure 6 clearly shows the strong dependence of between the performance drop on the sulfur 421 
coverage for different H2S concentration values. This figure shows that increasing the sulfur 422 
coverage produces a resulting potential. 423 
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Figure 6 – Losses in cell potential: versus sulfur coverage and sulfur concentration – single cells 425 
and stack. 426 
 427 
The coverage time was experimentally derived from an analysis of the cell voltage performance in 428 
galvanostatic mode at a given H2S concentration. An example of two different H2S concentration 429 
values for ASC700 is given in figure 7. The coverage time is experimentally derived (a) at 1.7 430 
ppm(v) and (b) at 6.4 ppm(v) of H2S. The stable voltage profile is achieved after 4.1 h and 1.32 h 431 
respectively. It can be assumed that all the catalytic sites are saturated by the sulfur at these 432 
conditions. This time was evaluated experimentally considering when the voltage level achieved a 433 
stable behavior. The time to coverage was also evaluated using the model described by Eqs. (8-12) 434 
considering the temperature, pH2S and pH2. The coverage time could be essential for an evaluation 435 
of the cell voltage performance, .especially in order to determine the first degradation time. It is 436 
useful to know the coverage time of the cell, considering the situation in which the gas cleaning 437 
section starts to elute at dangerous, but still reversible H2S concentration values (from 0 to 1.5 438 
ppm(v)). It is possible to foresee the behavior of the coverage time, from the cell materials and 439 
structure, the operating temperature, the biogas mixture and the H2S concentration, and thus to 440 
foresee the impact on cell performance. This impact could be reversible or irreversible depending 441 
on the time that elapses before a cleaning bed maintenance.  442 
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Figure 7 – Coverage time experimentally derived for ASC 700 (a) at 1.7 ppm(v) and (b) at 6.4 445 
ppm(v) of H2S. 446 
 447 
Figure 8 illustrates the time-to-coverage trend of sulfur on anode nickel sites for variations of the 448 
H2S concentration. As expected, the trend shows a decrease in the coverage time as the H2S 449 
concentration in the gas mixture is increased.  450 
Tables 4 and 5 summarize the experimental and model data for the time-to-coverage evaluation of 451 
nickel sites at different H2S concentration for ASC700 and ASC4.  452 
The error between the values calculated with the model and from the experiments falls between 7% 453 
and 9% for ASC700, while it is around 4% to 16% for ASC4. The ASC700 data are in better 454 
agreement than the ASC4 results: this could be due to the greater amount of information achieved 455 
by the manufacturer. The model adopted for ASC4 still needs to be refined with additional 456 
information, especially concerning the amount of nickel contained in the cell.  457 
Table 4 – Experimental and model values of the coverage time (ASC 700) for different H2S 458 
concentration. 459 
SOLIDpower – ASC 700 
H2S (ppm(v)) 0.8 0.9 1.3 1.7 2.4 4 5.4 6.4 
 
t – experimental (h) 8.60 7.30 5.60 4.10 2.90 1.98 1.43 1.32 
t – model (h) 8.22 7.79 5.50 4.26 3.01 1.86 1.40 1.20 
∆% 4.4 -6.7 1.8 -3.9 -3.7 5.9 1.9 8.9 
 460 
Table 5 – Experimental and model values of the coverage time (ASC 4) for different H2S 461 
concentration. 462 
H.C. Starck – ASC 4 
30 
 
H2S (ppm(v)) 0.8 1.6 2 4 5.4 6.7 
 
t – experimental (h) 14.50 8.05 7.52 4.00 3.00 2.10 
t – model (h) 15.32 7.95 6.44 3.34 2.49 2.05 
∆% -5.7 1.2 14.4 16.5 16.9 2.2 
 463 
Figure 8 (a-b), gives the time to coverage versus the H2S concentration , and a hyperbolic trend can 464 
be observed. A higher value of H2S than 2 ppm(v) in the gas mixture yields a time to coverage of 465 
around 2 h. When more than 2 ppm(v) of H2S is added to the fuel mixture, the coverage time does 466 
not decrease significantly. The profile derivative below 2 ppm(v), is very steep and it can be seen 467 
that even a small concentration variation has an important effect on the time-to-coverage.  468 
It is possible to deduce, from figure 8, that there is a concentration above which the time-to-469 
coverage does not change significantly. The loss in cell potential is linked directly to the time-to-470 
coverage value. This concentration limit (around 2 ppm(v)) shows that sulfur saturation is achieved 471 
in 2 h, and the time to coverage value does not change when more of the H2S concentration is added 472 
because the active sites are already saturated.  473 
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Figure 8 – Coverage time evaluated experimentally and from the model for different H2S 476 
concentration (a) ASC 700 and (b) ASC 4. 477 
 478 
Conclusion 479 
In this work the surface coverage of sulfur on nickel-based anodes has been correlated to real fuel 480 
feeding conditions to estimate the coverage time. The latter has been used to predict, with a known 481 
amount of H2S, the time at which the cell voltage shows the strongest decrease related to the first 482 
detrimental sulfur mechanism. This first mechanism is described by the chemisorption theory of 483 
sulfur and it is predominant with respect to the continuous slow degradation rate, as reported in 484 
literature [25].  485 
In order to feed an SOFC stack with biogenous fuel, a gas cleaning section is mandatory: before 486 
approaching the breakthrough time of volatile sulfur compounds, the sulfur concentration may be 487 
higher than 1 – 2 ppm(v) and this could affect the SOFC performance. The cell material properties 488 
of a cell, the operating temperature and the partial pressure ratio (pH2S/pH2eq) are all required to be 489 
known to establish the cell voltage performance with  reversible H2S concentration impact.  490 
The time-to-coverage for equilibrium sulfur up-take on the Ni anode of an anode-supported type 491 
SOFC has been evaluated using the model described by Eqs. (8-12). Knowledge of the sulfur 492 
poisoning coverage time on nickel sites is essential to evaluate cell voltage performance, especially 493 
in order to determine the first degradation time. The sulfur surface coverage time has been 494 
evaluated for two different cells and a SOFC stack fed with a simulated biogas mixture with a 495 
variable concentration of H2S.  496 
In the voltage recovery phase, after sulfur poisoning was stopped, the biogas-fed cell with partially 497 
direct reforming (ASC4) shows a significant loss in cell performance. This is due to the sulfur 498 
inhibition of the direct internal reforming of methane into CO and H2, as shown in different 499 
literature studies [25][29]. In fact, compared to the syngas case (ASC700 cell), the reactive mixture 500 
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content is higher in the partial direct biogas internal reformate case. This sulfur inhibition 501 
deteriorates as the fuel utilization value increases. In conclusion, sulfur poisoning is less detrimental 502 
in the case of a syngas mixture, due to the lower reactive gas mixture. In fact, if the methane content 503 
is increased, the sulfur action is more pronounced and reforming into H2 and CO is blocked. This 504 
situation, as reported by Weber et al., (2013) [30], can also alter the thermal balance of the stack. 505 
The ASC4 cell shows a poorer performance than the ASC700 cell, considering the sulfur coverage 506 
relationship with the performance drop. For single cells at 80% of sulfur coverage the ASC700 cell 507 
shows a performance drop of 1.6%, while this value is around 2% for the case of the ASC4 cell. 508 
The sulfur coverage versus performance drop trend between the stack and cells cannot be 509 
compared, due to their different operating conditions (FU, i). 510 
Higher H2S concentrations than 2 ppm(v) show irreversible behavior on cell performance, as can 511 
also be seen from the time to coverage profile. In fact, when more than 2 ppm(v) is added, the time 512 
to coverage value does not deteriorate in time. At this concentration level, the sulfur saturation is 513 
achieved in 2 h, with the active sites being saturated and the TPB irreversibly reduced. This 514 
irreversible degradation concentration limit is also the point from which the time to coverage does 515 
not change. An experimental model has been implemented with geometry, cell composition and 516 
operating working conditions to compare theoretical and experimental time to coverage values. The 517 
model has allowed the maximum difference ratio, which ranges from 16% to 9% for the ASC4 and 518 
ASC700 cells, respectively, to be obtained. Future refining of the model will have to be carried out 519 
considering the gas outlet composition.  520 
 521 
 522 
 523 
 524 
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Nomenclature: 545 
ASC 4 – anode supported cell from H.C. Starck GmbH;  546 
ASC 700 – anode supported cell from SOLIDpower Spa; 547 
SC  – overall specific sulfur capacity of the anode catalyst (g cm
-2); 548 
FU – fuel utilization (%); 549 
ppmvSH 2  – hydrogen sulfide concentration; 550 
i – current density (A cm-2); 551 
k – coefficient for the correlation of performance loss; 552 
Sm
.
 – mass sulfur flowrate (g s-1); 553 
NimS  – specific sulfur mass adsorbed on nickel surface (g cm
-2Ni); 554 
SMW  – sulfur molecular weight (g mol
-1); 555 
AN  – avogadro number (mol
-1); 556 
Ni – nickel; 557 
BETNi  –specific surface of nickel (m
2 g-1); 558 
NiS  - nickel sulfide; 559 
inFueln
.
 – total molar flow rate at the inlet(mol s-1); 560 
eq
Hn
,2
.
 – equivalent hydrogen flowrate (mol s-1); 561 
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SHn 2
.
 – hydrogen sulfide molar flowrate (mol s-1); 562 
P – correlation of the performance loss in percent; 563 
eqH
p
,2
 – partial pressure H2eq (atm); 564 
SHp 2  – partial pressure H2S (atm); 565 
R – gas constant coefficient; 566 
s  – specific sulfur atoms (cm-2Ni); 567 
adsS  – sulfur adsorption; 568 
SNi – anode catalytic (Ni) surface area (cm
2); 569 
τS – time to coverage (h); 570 
T  – operating temperature (K); 571 
TPB – Three Phase Boundary; 572 
minϑ  – minimum surface coverage (min); 573 
Sϑ  – sulfur coverage (%); 574 
ΓS – sulfur atoms stuck onto a monolayer of Ni surface area (S atoms Ni cm-2); 575 
SV
.
 – volumetric sulfur flow rate (mol s-1);  576 
NiW  – nickel weight (g); 577 
Λs – equilibrium sulfur capacity (g). 578 
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Table captions 1 
Table 1 – Gas mixture adopted for the sulfur adsorption test on the SOLIDpower cell (ASC 700). 2 
Table 2 – Gas mixture adopted for the sulfur adsorption test on H.C. Starck cell (ASC 4), DIR 3 
(Direct Internal Reforming). 4 
Table 3 – Performance drop at different H2S concentrations for ASC 700 and ASC 4. 5 
Table 4 – Experimental and model values of the coverage time (ASC 700) for different H2S 6 
concentration. 7 
Table 5 – Experimental and model values of the coverage time (ASC 4) for different H2S 8 
concentration. 9 
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 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
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Table 1 21 
 
Syngas 
reformate 
clean 
H2S 0.8 
ppm(v) 
H2S 0.9 
ppm(v) 
H2S 1.3 
ppm(v) 
H2S 
1.69 
ppm(v) 
H2S 2.4 
ppm(v) 
H2S 
4.04 
ppm(v) 
H2S 5.4 
ppm(v) 
H2S 6.4 
ppm(v) 
H2 
(Nml/min) 
151.5 151.5 151.5 151.5 151.5 151.5 151.5 151.5 151.5 
N2 
(Nml/min) 
386.4 386.4 386.4 386.4 386.4 386.4 386.4 386.4 386.4 
CH4 
(Nml/min) 
15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2 
CO2 
(Nml/min) 
68.2 59.2 58.7 54.4 50.2 42.2 25.2 10.2 0.0 
CO 
(Nml/min) 
136.4 136.4 136.4 136.4 136.4 136.4 136.4 136.4 136.4 
CO2dirty 
(Nml/min)  
9.0 9.5 13.8 18.0 26.0 43.0 58.0 68.2 
H2S 
(ppm(v))  
0.8 0.9 1.3 1.7 2.4 4.0 5.4 6.4 
H2O (g/h) 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
3 
 
Table 2 38 
 
DIR 50% 
clean 
H2S 0.8 
ppm(v) 
H2S 1.6 
ppm(v) 
H2S 2.4 
ppm(v) 
H2S 4 
ppm(v) 
H2S 5.4 
ppm(v) 
H2S 6.7 
ppm(v) 
H2 (Nml/min) 250 250 250 250 250 250 250 
N2 (Nml/min) 
       
CH4 
(Nml/min) 
62.5 62.5 62.5 62.5 62.5 62.5 62.5 
CO2 
(Nml/min) 
41.7 36.7 31.7 26.7 16.7 7.7 0 
CO (Nml/min) 
       
CO2dirty 
(Nml/min)  
5 10 15 25 34 41.7 
H2S (ppm(v)) 
 
0.8 1.6 2.4 4.0 5.4 6.7 
H2O (g/h) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 
 39 
 40 
 41 
 42 
 43 
 44 
 45 
 46 
 47 
 48 
 49 
 50 
 51 
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Table 3 52 
ASC 700 – syngas reformate ASC 4 – biogas reformate 
H2S (ppm(v)) Performance drop (%) H2S (ppm(v)) Performance drop (%) 
0 0.00 0 0.00 
0.8 -1.16 0.8 -0.04 
0 -0.66 0 -0.63 
1.7 -2.80 1.6 -1.59 
0 -1.02 0 -1.21 
2.4 -2.85 2.4 -2.08 
0 -1.16 0 -1.60 
4.0 -4.71 4.0 -3.40 
0 -1.24 0 -2.49 
5.4 -4.81 5.4 -4.13 
0 -1.46 0 -2.33 
6.4 -5.66 6.7 -5.02 
0 -2.14 0 -4.32 
 53 
 54 
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 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
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Table 4 65 
SOFCpower – ASC 700 
H2S (ppm(v)) 0.8 0.9 1.3 1.7 2.4 4 5.4 6.4 
 
t – experimental (h) 8.60 7.30 5.60 4.10 2.90 1.98 1.43 1.32 
t – model (h) 8.22 7.79 5.50 4.26 3.01 1.86 1.40 1.20 
∆% 4.4 -6.7 1.8 -3.9 -3.7 5.9 1.9 8.9 
 66 
 67 
 68 
 69 
 70 
 71 
 72 
 73 
 74 
 75 
 76 
 77 
 78 
 79 
6 
 
Table 5 80 
H.C. Starck – ASC 4 
H2S (ppm(v)) 0.8 1.6 2 4 5.4 6.7 
 
t – experimental (h) 14.50 8.05 7.52 4.00 3.00 2.10 
t – model (h) 15.32 7.95 6.44 3.34 2.49 2.05 
∆% -5.7 1.2 14.4 16.5 16.9 2.2 
 81 
1 
 
Figure captions 1 
Figure 1 – N2 adsorption-desorption isotherm at 77 K for the Ni-based anode. The filled square 2 
symbols denote adsorption whereas the empty circle symbols denote desorption. 3 
Figure 2 – Cell voltage for the ASC 700 – (a) SOLIDpower and the ASC 4 – (b) H.C. Starck cell 4 
fed by a syngas mixture and by a 50% vol. direct internal reforming (DIR) biogas mixture with the 5 
addition of a variable concentrations of H2S. 6 
Figure 3 a – SOLIDpower cell increasing and decreasing H2S concentration impact on cell 7 
performance. 8 
Figure 3 b – The impact of H2S concentration on a SOLIDpower single cell as observed through 9 
Electrochemical Impedance Spectroscopy (EIS) experiments. 10 
Figure 3c – SOLIDpower cell increasing and decreasing H2S concentration impact on cell 11 
performance – Electrochemical Impedance Spectroscopy (EIS) frequency diagram. 12 
Figure 4 – The effect of sulfur poisoning on cell performance losses – single cells and stack. 13 
Figure 5 – Performance drop versus sulfur coverage – single cells and stack. 14 
Figure 6 – Losses in cell potential: versus sulfur coverage and sulfur concentration – single cells 15 
and stack. 16 
Figure 7 – Coverage time experimentally derived for ASC 700 (a) at 1.7 ppm(v) and (b) at 6.4 17 
ppm(v) of H2S. 18 
Figure 8 – Coverage time evaluated experimentally and from the model for different H2S 19 
concentration (a) ASC 700 and (b) ASC 4. 20 
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Figure 3 - a 41 
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Figure 3 - b 44 
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Figure 3 - c 55 
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Figure 4 66 
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Figure 5 78 
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Figure 6 90 
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